Abstract: In this paper, we report on the performances of silicon photomultipliers (SiPMs) with commercial long-pass interferential and plastic filters integrated on the detector's package for environmental light rejection. Several applications, including functional near infrared (NIR) spectroscopy or light detection and ranging, would benefit from the use of highly sensitive detectors like SiPMs with optimized electro-optical characteristics in NIR wavelength range. To this purpose, it is fundamental to reduce the absorption of environmental spurious light leading in application to a decrease of the detector's sensitivity, especially for very weak photon fluxes. We will show how the use of both types of filters has a relevant impact on the electro-optical performances of the bare detectors, in terms of cross talk reduction at high overvoltage values, detection efficiency, spectral response and capability to shield effectively the devices from the absorption of stray light, at the different light wavelengths used for the measurements.
Introduction
Silicon Photomultipliers (SiPMs) are solid state detectors operating in avalanche multiplication condition above their breakdown voltage. SiPM can be considered one of the most interesting low light level semiconductor detectors featuring single photon sensitivity, photon counting capability, and very fast timing response. Compared to other solid state detectors such as APDs (Avalanche Photodiodes) or PIN diodes, SiPMs exhibit higher sensitivity and superior timing performances. In comparison to vacuum based Photomultiplier Tubes (PMTs), SiPMs have the relevant advantages of being more compact and rugged, less expensive and insensitive to magnetic fields [1] - [3] . For all these characteristics, they have been extensively used in a wide series of applications ranging from nuclear medical imaging [4] and high energy physics experiments [5] to homeland security [6] and bio-photonics [7] . In some applications SiPMs are used in combination with Light Emitting Diodes (LEDs) or Vertical Cavity Surface Emitting Lasers (VCSELs) emitting in Near Infrared (NIR) wavelength range for detecting the light reflected back or diffused by the illuminated objects. In this framework, due to their ultra-fast and low light detection, down to single photon level, SiPMs have been recently proposed for LIDAR and 3D ranging applications enabling eye-save long-distance ranging with <100 ps time resolution [8] , [9] . Nevertheless, quite recently SiPMs have been also used in medical imaging applications such as Functional Near Infrared Spectroscopy (fNIRS), widely employed in functional brain imaging for detecting hemodynamic variations in relative deep tissue through not invasive NIR optical probes [10] - [12] .
For these last applications for example, large area SiPMs are needed to increase the collection efficiency of the reflected light, considering the weak photon fluxes to be usually detected [13] . However, it is well known that SiPMs with large active area have the main disadvantage of being very noisy, especially for high excess bias values. In fact, spurious noise effects such as cross talk and afterpulsing reduce the dynamic range of large area SiPMs, significantly decreasing their sensitivity for low photon fluxes [14] , [15] . For this reason, the proper sheltering of the detectors from the absorption of environmental light is crucial in order to avoid a further reduction of their dynamic range and sensitivity. The absorption of stray light from the environment results in an uncorrelated noise in application that, added to the detector's intrinsic dark noise, can produce a relevant offset current making SiPMs less sensitive and, in worst cases, even blind to the detection of very weak photon fluxes [16] . In order to minimize, or totally block, the environmental light absorption, suitable long-pass filters with transmission band in the NIR range can be integrated directly in the technology or, alternatively, on the package. Ideally, the filter should allow a very high transmission (close to 100%) in the detection wavelength range reducing at the same time of some orders of magnitude the light absorption below the cut-on wavelength, thus enabling a very sharp transition between the rejection and pass bands. In our previous work, the preliminary study of SiPM performances with embedded NIR plastic long-pass filters was presented. The integration of this type of filter on SiPM technology resulted in a significant impact on the optical and electrical performances of the bare detectors. More particularly, beyond the reduction of environmental light absorption evaluated close to saturation, we observed how the use of the filter also resulted in a consistent decrease of the dark current, especially for high overvoltage values. This unexpected result was ascribed to the absorption from the filter of the secondary photons emitted by cross talk in the wavelength range below the filter's cut-on value [16] .
Although NIR plastic long-pass filters are very cheap and easy to integrate on the detector's package, the transition between the rejection and pass band is not very sharp. This can become a relevant drawback in all the applications where multiple wavelength scanning in NIR range is needed. For example in fNIRS two or more wavelengths are selected, with one wavelength above and one below the isosbestic point of 810 nm at which deoxy-Hb and oxy-Hb have identical absorption coefficients [13] . If one, or more, of these wavelengths are in the filter's transmission rising edge, this could lead to not negligible variations in the SiPMs photocurrent, arising from even small disuniformities in the emission spectra of NIR light sources, typical for example of commercial LEDs. This could cause relevant measurements artifacts for example in multichannel fNIRS brain systems, where multiple source-detector couples are needed to provide high power resolution and cortical coverage. For stable operation, long-pass filters with short cut-on wavelength should be used to guarantee the maximum optical transmission at all the light sources emission wavelengths. This choice should take in consideration also the fluctuations in the emitted spectra of the different light sources arising from the statistical variability in the optical performances of the chips and small bias and temperature variations, due for example to heating effects. In spite of their higher cost, NIR interferential long-pass filters seem to be more appropriate for these applications. Sharper transitions from the rejection to the pass band can be obtained thanks to design of these filters, based on the deposition of very thin dielectric/metallic layers with different refractive indices onto a substrate. Moreover, interference filters offer excellent climatic resistance and extremely stable spectral characteristics with respect to temperature and humidity changes.
In this paper, we report on the comparison of SiPM performances with NIR commercial plastic and interferential filters having the same cut-on wavelength (700 nm). The study of the electro-optical characteristics of SiPMs with embedded optical filters, not yet been deeply investigated in literature, Fig. 1 . Optical transmission spectra measured on LP695 and CR39-700 NIR long-pass filters by using a spectrophotometer.
is of great interest to optimize the detectors performances in a wide range of applications requiring the use of highly sensitive detectors in specific wavelength ranges, especially in NIR region. The possibility to use suitable coating or filters was only mentioned in [17] and [18] for SiPMs coupled to scintillators, either to attenuate the crosstalk light or to reflect the scintillator light while letting the crosstalk photons escape. However, to the best of our knowledge, no effective solutions seem to have been reported in literature up to now.
It has to be pointed out how the study of the performances of these detectors in application is beyond the purpose of this work. The measurements here reported are only finalized to the assessment of the electro-optical characteristics of SiPM with different types of embedded NIR long-pass filters in terms of dark current, photon detection efficiency and background light rejection in the linear and saturation operation range of the detector in controlled illumination conditions.
Technology Description
N-on-p SiPM structures manufactured at STMicroelectronics-Catania clean room facilities on p-type silicon epitaxial wafers and formed from planar n + -p microcells were used for the measurements reported in this paper. More details on the fabrication process and electro-optical characteristics of these detectors are reported elsewhere [19] - [22] . The SiPMs used as test vehicle for the characterization have a polygonal geometry with a total area of 2 mm 2 and 548 square microcells with 60 μm pitch. The SiPM array has a geometrical fill factor of 67.4% and is packaged in a surface mount housing (SMD) with 5.1 × 5.1 mm 2 total area. The SMD package is sealed by an epoxy resin transparent in the visible range with a refractive index of about 1.50 at room temperature [16] , [23] .
Midwest Optics LP695 NIR long-pass interferential filters (hereinafter LP695) [24] and Edmund Optics CR39 Thermoset ADC NIR long-pass plastic filters (hereinafter CR39-700) [25] with an area of 5.1 × 5.1 mm 2 such to perfectly match the SiPM's SMD package area were used for our measurements. The LP695 is based on the use of a filter glass substrate highly absorbing in near UV-blue wavelength ranges with a suitable multilayer anti-reflection coating layer to enhance the optical transmission in the NIR range [24] . The CR39-700 filter is a pure plastic filter realized by using Thermoset ADC (Allyl Diglycol Carbonate) plastic polymer [25] . The optical transmittance spectra of both the types of filters were measured by using a Varian Cary 50 UV-VIS spectrophotometer. The measured spectra are shown in Fig. 1 .
Both the filters have a cut-on wavelength of about 700 nm at 50% of peak transmission and a residual transmittance lower than 0.01% in the blocking range. Compared to the CR39-700 plastic filter, the use of suitable optical coatings in the LP695 filter results in a slightly higher optical transmission in the pass band range and a sharper transition from the rejection to the pass band ranges. A maximum optical transmission of 96% was measured on the LP695 filter to be compared to the 92% value determined on the CR39-700 filter. Moreover in the LP695 technology the transmittance rises more steeply, increasing from 1% to 90% in about 80 nm (644 nm-724 nm), while in the CR39-700 filter the transmittance increase is slower, rising from 1% to 90% in about 120 nm (646 nm-766 nm).
The bare SiPMs were characterized before in their SMD housing. Then, the same measurements were performed on the same detectors after gluing LP695 or CR39-700 filters on the top side of the package by using a Loctite 352 TM adhesive. The detectors were soldered on suitable printed circuit boards used for the electrical and optical measurements. Fig. 2 shows a picture showing three detectors without and with the LP695 and CR39-700 NIR long-pass filters glued on the top side of the SMD housing. In the package, three additional SiPMs are also assembled, with layout characteristics similar to those of the device under test. These detectors were not used for characterization. For the measurements, SiPMs with the same electro-optical performances were selected before gluing the NIR filters, such to allow a meaningful comparison between devices with and without filters.
Experimental Results

Dark Current Evaluation
The I-V measurements of forward and reverse characteristics were carried out at room temperature and dark condition on a large number of SiPMs with and without the NIR filters in order to estimate their breakdown voltage (BV) and dark current. The measurements were performed by using a temperature controlled probe station and a semiconductor parameter analyzer (Agilent 4155 C). The reverse characteristics obtained on three typical devices are reported in Fig. 3 , while the corresponding forward curves are shown in the inset of the same figure in a semi-log scale.
No relevant changes can be observed from the comparison of the IV forward characteristics. As already reported in the introduction and thoroughly described in [16] , the integration of the CR39-700 plastic filter on the SMD package produces a significant reduction of the dark current, especially for high overvoltage (OV) values above the breakdown voltage (27 V) . A similar decrease of the dark current was measured quite unexpectedly also with the LP695 dichroic filter. In order to quantify this reduction, in Fig. 4 we report the dark current ratio obtained by dividing the dark current measured on the devices with NIR filters in the bias range above the BV with the corresponding values measured on bare SiPMs. The reduction of the dark current above the BV is comparable and relevant using both types on NIR long-pass filters, such to reduce the dark current up to the 90% at 40 V (13V-OV) reverse bias. In our previous work, we demonstrated how the dark current reduction observed on SiPMs with CR39-700 plastic filter could be ascribed to the absorption from the NIR long-pass plastic filter of a relevant fraction of secondary photons with wavelength lower than 650 nm emitted by electroluminescence from the SiPM microcells during the avalanche multiplication. The absorption of these photons with wavelengths in the filter's blocking range led to a consistent reduction of the optical cross-talk, especially for high OV values [16] .
The LP695 technology is based on the use of a special glass substrate, highly absorbing below 500 nm, according to the information provided by the filter's supplier. This type of dichroic filter is designed such to transmit with high efficiency photons in the NIR range (approximately above 650 nm) while the light between 500 nm and 650 nm should be partly reflected back, due to the use of the antireflection coating, and partly absorbed by the glass substrate whose optical transmittance gradually increases above 500 nm. Thus, the similar dark current reduction observed with both the plastic and interferential filters allows us to assume that the most significant contribution to the optical cross talk, due to the secondary photons generated close to surface junction, escaping from silicon surface and reflected back at the air/epoxy resin interface, is given by photons with wavelength below 500 nm. This result seems quite reasonable, considering the relevant SiPM's microcells firing probability and low photons silicon absorption depth in blue-visible wavelength ranges [19] , [20] .
Optical Characterization
Responsivity measurements below the breakdown voltage were carried out at room temperature on a large number of SiPMs to study the impact of NIR filters on the detector's sensitivity spectral shape. The responsivity was measured by using the equipment and method illustrated in the reference [23] . All the devices were characterized in the same experimental conditions without and with the NIR filters glued on the package top side. Fig. 5 reports the responsivity spectra measured in the wavelength range 300 nm-1000 nm at 0 V and −10 V.
The responsivity spectral shape of the SiPMs with the NIR long-pass filters exactly reproduces the filters optical transmission spectra shown in Fig. 1 at both voltage values considered. The increase of the responsivity is faster for SiPMs with LP695 filter, due to the sharper transition from the rejection to the pass bands typical of dichroic filter technologies. Moreover, the optical transmission extracted in all the NIR passband range from the responsivity ratio of the measurements done with and Unfortunately, the experimental apparatus used for responsivity measurements did not allow us to perform PDE spectral measurements above the BV in the typical SiPM's operation mode. This was due to the current unavailability in our laboratories of reference detectors able to measure with high accuracy the impinging photon flux down to single photon level in all the SiPM's sensitivity range.
Nonetheless, a different experimental apparatus was used to estimate the SiPMs PDE at fixed wavelength in the NIR range. For these measurements a very fast pulsed laser (PiLas) with 830 nm emission wavelength and 45 ps full-width at half-maximum (FWHM) was used. A series of neutral density optical filters and an optical disk diffuser were used to reduce the light intensity on the SiPM's surface. The apparatus and method described in the reference [20] were used for PDE characterization. The measurements were performed by placing the devices in a dark box in order to avoid the absorption of background light from the environment. In Fig. 6 the snapshot of a typical persistence plot measured at the oscilloscope on a bare SiPM at 3V-OV in low light intensity condition is reported. The corresponding charge spectrum measured by using the experimental apparatus illustrated above and integrating the SiPM output signal in 100 ns gate time window is shown in the same figure. Similar measurements were obtained on SiPMs with both the types of NIR long-pass filters. These data are not reported here for brevity. It is worth noting the very good single photoelectron resolution measured on the tested devices. In fact, the different photoelectron peaks (bands) corresponding to an integer number of fired microcells can be clearly distinguished, allowing an accurate estimate of the PDE. The same good photon counting capability was also found on the SiPMs with NIR filters. In [20] the same characterization was performed at 410 nm (blue range). The good single photoelectron resolution obtained also at 830 nm is a relevant result, considering the possible contribution to the smearing of the peaks, due to the signals produced by minority carriers generated in NIR range below the junction. These carriers can reach the lower edge of the depleted region with a delay depending on the generation point and diffusion time in the quasi-neutral region. This can potentially lead to a high statistical variability of the amount of charge integrated in the fixed gate time, instead not observed on the devices under test [26] . For PDE measurements, charge spectra were measured by integrating the SiPM output signal in 100 ns gate time window. The PDE was extracted from the registered SiPM pulse height distribution assuming a Poisson distribution of the number of photons in the laser pulse. The data were corrected for the dark pulses occurring randomly in the integration time [27] , [28] . The number of photons per laser pulse was measured using an Ophir-Optronics power meter calibrated in NIR range. Charge spectra were measured on SiPMs with and without NIR filters by varying the OV applied to the detectors. The PDE results obtained on three typical devices at 830 nm illumination wavelength are shown in Fig. 7 . At 3V-OV, the PDE values at 830 nm are 22.8%, 21.7% and 19.9% for bare SiPMs and SiPMs with LP695 and CR39-700, respectively. The PDE ratio obtained by dividing the values measured with the filters with the corresponding data measured on bare detectors is 95% and 87% for LP695 and CR39-700 filters, respectively.
These data are in perfect agreement with those extracted from responsivity characterization. The PDE was also measured at 660 nm by using the other PiLas laser head in red/NIR ranges currently available in our laboratories. A very low PDE value of about 1.5% was measured on SiPMs with both the NIR filters at 3V-OV, due to the very low optical transmission of the same filters at 660 nm wavelength. A similar characterization was performed for measuring the gain, extracted from single-photoelectron charge spectra obtained by using an acquisition time of 400 ns to fully integrate the SiPM's pulse shape. By following the method already described in [20] , gain values of Fig. 8 . IV reverse measured at room temperature in illumination condition on three typical SiPMs without and with LP695 and CR39-700 NIR filters glued on the top side of the package. The absolute value of the forward current measured on the same devices in the same illumination condition is reported in the inset.
× 10
6 , 4.9 × 10 6 , 8.8 × 10 6 and 1.6 × 10 7 were measured on bare SiPMs at 1 V, 3 V, 5 V and 8 V-OV, respectively.
Environmental Light Rejection
The effectiveness of both NIR long-pass filters in reducing the optical absorption of environmental stray light was evaluated in a typical laboratory environment under the illumination of white fluorescent lamps. A set of neutral density filters were placed on the SiPM surface in order to reduce the photon flux and evaluate the background rejection ratio both in the linear and saturation ranges of the detector above the BV. The optical transmittance of all the neutral filters was measured in advance by using a spectrophotometer in order to guarantee a uniform light attenuation in visible and NIR ranges. The I-V forward and reverse characteristics of the SiPMs were measured under illumination on the bare devices and, in the same illumination conditions, after gluing the NIR filters on the top side of the SiPM's package. Fig. 8 shows the I-V characteristics measured on three typical devices. In the inset of the same figure, the forward characteristics obtained on the same detectors are also shown. The I-V curves reported in the figure have been measured in an attenuated illumination condition, allowing the SiPMs to operate in their linear detection range in Geiger mode above the BV [29] , [30] .
The forward current increases by several orders of magnitude in the investigated bias range and becomes negative for low forward bias below the cut-in voltage (∼0.6 V) in light illumination condition. In order to show all the measured forward characteristics in the same plot, the absolute value of the forward current was reported in Fig. 8 in a semi-log scale, as a function of the applied bias. As already observed in [16] , [23] , this behavior can be explained assuming that under illumination, the photo-generated minority carriers produce a photocurrent flowing in opposite direction to the forward current.
From the I-V reverse characteristics it is evident how both the NIR long-pass filters consistently reduce the photocurrent generated both below and above the BV. In order to make quantitative this comparison, the percentage background light rejection ratio R due to the use of the NIR filters was estimated at different OV values above BV, by applying the following relation:
in which I Bare SiPM was the photocurrent measured on the bare SiPMs while I Filter was the current measured on the same devices under the same bias and illumination conditions after gluing the NIR filters on the top side of the SMD package. As previously reported, this evaluation was done both in the linear and saturation ranges of the SiPMs operating in Geiger mode above the BV. The results of this analysis are shown in Fig. 9 for both the LP695 and CR39-700 filters at 1 V, 3 V, 5 V and 8 V-OV, as a function of the SiPM photocurrent density measured on bare SiPMs under the illumination of the fluorescent lamps used for characterization. The data reported in Fig. 9 have been normalized for the area (2 mm 2 ) of the devices under test. The very sharp decrease in the estimated background light rejection ratio measured with both the filters at increasing photocurrent density for higher OV values is due to the occurrence of saturation effects on the SiPM photocurrent, due to the high light fluxes impinging on the detector.
This behavior can be explained considering that in saturation condition the amount of charge produced by the bare SiPMs is on average lower than that produced in the linear operation range. The integration of the NIR filters on the detector attenuates the light impinging on the device. This leads the SiPMs with embedded long-pass filters to operate in their linear operation range, producing a higher amount of charge in spite of the reduction of the absorbed light and increasing in this way the measured I Filter photocurrent value [29] , [30] . Taking in consideration (1), this effect allows to explain the sudden decrease measured in the estimated background light rejection ratio in the saturation region. To confirm this hypothesis, a theoretical saturation current density J sat can be estimated at all the considered OV values by applying the formula:
Where e is the electron elementary charge, G the gain values measured at the different OV and reported in previous section, τ Pulse an effective pulse duration in our calculations assumed equal to 200 ns [16] , [20] and N cells (548) and A (2 mm 2 ) the number of cells and the area of the device under test, respectively. Equation (2) Furthermore, it is worth noting how the background light rejection ratio obtained by using the CR39-700 plastic filter is significantly higher than that obtained by using the LP695 interference filter. In a first approximation, this effect can be explained by assuming that the residual emission of the fluorescent tubes in the NIR range, approximately above 700 nm, generates a higher photocurrent in the device with the LP695 filter, due to its higher optical transmission in this wavelength range, as shown in Fig. 1 [31] . The same characterization was repeated by covering the lateral facets of the SMD package with a black adhesive tape in order to completely shield the SiPMs from the absorption of background photons laterally impinging on the device. In the setup used for the measurements reported in Fig. 9 , this spurious light was not shielded by the NIR long-pass and neutral density filters placed on the surface of the detectors. As expected, the use of the black tape increases the background rejection ratio of an almost fixed offset value, not dependent on the type of long-pass filters used on the SiPMs and on the bias conditions applied to the detectors. An average rejection ratio of 90.6% was measured with the CR39-700 plastic filter and black tape to be compared to the 79.2% value obtained in the same experimental conditions with the LP695 interferential filter and black tape. The characterization shows how SiPMs actually exhibit a relevant absorption of stray light from their lateral facets, up to 40% in the experimental setup used for our measurements. Therefore, it is fundamental to opportunely obscure or shield also the lateral facets of the package, especially in all the applications where the light to be detected impinges only on the surface of the photosensor. On the other hand, this effect can be easily explained, considering the single-photon sensitivity of the SiPMs.
Conclusions
In this paper we compared the electro-optical characteristics of Silicon Photomultipliers (SiPMs) with commercial interferential (LP695) and plastic (CR39-700) NIR long-pass filters with 700 nm cut-on wavelength, glued on the top side of the SMD package in order to reduce the absorption of environmental light. Both filters are effective in the reduction of the dark current especially at high OV values (up to 90% at 13V-OV), through the reduction of the optical cross talk induced by secondary photons emitted close to the surface junction and reflected back at the air/epoxy resin interface. Interferential filters show a slightly better optical matching with the detectors, showing an average optical transmission of the 95% compared to the 87% value measured with the plastic filters. PDE values of 21.7% and 19.9% were measured at 3V-OV on SiPMs with LP695 and CR39-700 filters, respectively. Finally, the background light rejection ratio due to the use of the filters was evaluated both in the linear and saturation ranges of SiPMs operating above their BV under the illumination of white fluorescent lamps used in the measurement laboratory. The CR39-700 plastic filter, in combination with a black tape to cover the lateral facets of the SMD package, guarantees a higher background rejection ratio (about 90%) with respect to LP695 filter (about 79% always in combination with the black tape). It is due to the higher optical transmission of the dichroic filter and to the residual emission of the fluorescent lamps in NIR range. The characterization performed both in the linear and saturation SiPM operation ranges allowed us to determine experimentally the saturation current density limits of the detectors at different OV values and with fluorescent lamps illumination. A saturation density current of about 1.1 mA/mm 2 was found at 3V-OV, in good agreement with the values theoretically determined, by using the measured gain and other device's layout parameters.
The results allowed us to conclude, in spite of the steeper increase of the optical transmission from the blocking to the pass band ranges and slightly higher optical transmission in the NIR range, the performances of SiPMs with the LP695 filter are quite comparable and sometimes even worse than those obtained with the CR39-700 filter. A key factor for choosing the more appropriate filter's technology can be represented by the cost of the same filters (approximately tens of dollars for interferential filters to be compared with cents of dollars needed for plastic filters) in relation to the final application and addressed market. More generally, through this work we showed how the use of these type of filters can significantly change, in some cases improving, the intrinsic electro-optical characteristics of the detectors. Therefore, the assessment of the performances of the bare detectors with the filters is crucial and preliminary to the use of this technology in several applications where it is needed the optimization of the performances of the detectors in specific wavelength ranges, for example in NIR region. Preliminary tests are currently running to evaluate the suitability of both the NIR filters technologies on SiPM detectors in CW-fNIRS application. The first results of the characterization performed with CR39-700 plastic filters have been illustrated in [32] .
